Introduction
This review is divided into three sections: technologies for monitoring physiological parameters; biosensors for chemical assays and wireless communications technologies including image transmissions. Applications range from monitoring high risk patients for heart, respiratory activity and falls to sensing levels of physical activity in military, rescue, and sports personnel. The range of measurements include, heart rate, pulse wave form, respiratory rate, blood oxygen, tissue pCO 2 , exhaled carbon dioxide and physical activity. Other feasible measurements will employ miniature chemical laboratories on silicon or plastic chips. The measurements can be extended to clinical chemical assays ranging from common blood assays to protein or specialized protein measurements (e.g. troponin, creatine, and cytokines such as TNF and IL6). Though the feasibility of using wireless technology to communicate vital signs has been demonstrated 32 years ago (1) it has been only recently that practical and portable devices and communications net works have become generally available for inexpensive deployment of comfortable and affordable devices and systems.
Physiologic Monitoring Systems
The variety of sensors which meet the criteria of non-invasiveness, comfort, practical, and medically useful are summarized in Figure 1 . Not all of these monitoring devices or ideas have been reduced to practical devices but those which are not available are either currently in research or have plausibility from engineering perspectives.
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Though the focus of this review is on biomonitors, biosensors and wireless communications, one should not neglect the substantial background technology for bedside monitoring of chronic and acute status by well known devices. Common measurements include ECG, temperature, blood pressure, oxygen saturation, blood flow and respiratory rate. Some of these systems have wireless modules, but the development of LAN in hospitals has not matured. The performance of these systems has been under comparative review as found in the periodical Health Devices (2).
Heart rate monitoring
Heart rate or pulse rate monitoring can be accomplished by a number of methods some of which are appropriate for non-electrode based wireless communications. These methods include: 1) wireless heart rate chest strap, 2) electrical wave form (ECG), 3) pulse oximeter, 4) ultrasound, 5) pulse pressure detection by strain gauge impedance or piezoelectric volume change,
6) electromagnetic flow and
The most frequently used method by athletes is the chest strap monitor which transmits #?? heart rate signals collected by 2 electrodes across the chest which pick up the potential differences in rate with ??
(e.g., Nordic Track (www.nordictrack.com )). The signal is detected within 2-3 meters by a wrist watch or electronics in exercise equipment (e.g., treadmills, bicycles ).
Reviews of most of these methods are found in Medical Instrumentation: application and design (3) and the Handbook of Bioengineering (4). In addition to pulse rate, these methods provide important Biomonitoring page 2
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information in their respective waveforms. The information contained in the electrical signal is very different from that in the pulse pressure time variation or the blood velocity signals. All methods give heart rate but the information obtainable from the pressure pulse and the ECG are sufficiently different that innovations which allow convenient acquisition of these data might prove to be very valuable even in monitoring non-high risk subjects (e.g. those recovering from illnesses or patients undergoing recuperative chemical therapies). Figure 2 diagrams these differences as will as how a combination of two methods can give pulse transit time information which will be discussed later.
One of the earliest examples of wireless medical telemetry is fetal heart rate and intra uterine pressure monitoring by probes inserted into the uterus with a two-channel miniature radio transmitter. Signals detected by a receiver at distances of about 10 meters allow wireless monitoring (1) . This type of monitoring are in current practice with wired connections to modern bedside equipment. Indeed hardwired systems in hospital environments are the practice and there is not a clear need for wireless connections in intensive or critical care situations, within the local hospital environment. Of course beyond the critical care nurses stations, there is a major problem of communications to the cardiologist or other caregivers of data such as ECG, intra uterine pressure curves, oxygen saturation, and other parameters which cannot be reliably communicated by voice to physicians. It is the flexible and accurate communication remote from the bedside, which requires a robust communications net work. Within the hospital environment where wiring beds in a ward is awkward, wireless systems to a LAN have been shown to be effective (5). Outside the hospital a number of systems have shown successful operations recently. Examples are ECG consultation with cardiologists using pocket wireless computers (6) and a home based systems for cardio-respiratory monitoring of elderly or ill patients (7) . Beyond the home and hospital environments, that is in space or environments remote from cosmopolitan networks there have been remarkable successes as evidenced by the Mt Everest experiment (8) , the commercial airline ECG transmission experiment (9) and the recent simulation of a Mars medical data communication link from the Arctic remote environment (10 
Blood Oxygenation / Pulse Oximetry
Tissue oxygen saturation as reflected in circulating blood oxygen levels is a variable of major importance in acute patient monitoring in the hospital and at the scene of accidents. The simplest method is by pulse oximetry whereby the differential absorbency of light through the capillary bed of the ear lobe or finger tip can give a reasonably reliable parameter which allows continuous monitoring.
Most systems are for bedside monitoring (e.g. Welch Allyn (www.monitoring.welchallyn.com)) and there has been little demand for miniature portable systems
The measurement is performed at two specific wavelengths: a wavelength of about 660 nm where there is a large difference in light absorbance between Hb and HbO 2 , and a second wavelength typically chosen between 805 and 960 nm in the near infrared region. Around 805nm the absorbance of light is about equal for Hb and HbO 2 . A measurement of the percent oxygen saturation of blood in vitro is made by comparing the log of the transmitted to emitted light power or the optical densities at the two wavelengths. A measurement in vivo must take into account the light absorption by the venous blood and the bloodless tissues. This is accomplished by comparing the AC optical densities to the DC densities over the two wavelengths. These densities are determined from the time vs transmitted light signals obtained by rapidly pulsing light at the two successive wavelengths during the cardiac cycles.
Thus the name pulse oximeter.
The pulse oximetry signal is caused by changes in arterial blood volume associated with each heart beat.
The magnitude of this signal depends on the amount of blood pulsing into the peripheral vascular bed with each cardiac cycle, the optical absorption of the blood, skin, and tissue, and the wavelength used to illuminate the blood. corresponding DC component. The DC component is related to absorption by the bloodless tissue, residual arterial blood when the heart is in diastole, venous blood, and skin pigmentation. Since it is assumed that the AC portion of the photoplethysmogram results only from the arterial blood component, this scaling process provides a normalized red / infrared ratio, R. which is highly dependent on the color of the arterial blood (i.e., S a O 2 ) but is largely independent of the volume of arterial blood entering the tissue during systole, skin pigmentation, skin thickness, and vascular structure. Therefore, the instrument does not need to be recalibrated for measurements on different patients.
A wrist worn pulse oximeter engineered by Minolta is shown in Figure 3 . This system measures both pulse rate and blood oxygen saturation with an accuracy of ~2%. The readout is a back-lighted display from the finger tip sensor. This is probably the smallest portable commercial system with a battery life Highly precise arterial oxygen saturation (SaO2) measurements are commonly obtained using transmittance pulse oximeters in clinical situations (11) . The application site of the transmission pulse oximeters is limited mainly to the peripheral tissue, such as finger tip, ear lobe or toe from which the transmitted light can be detected. Alternately, a reflectance oximeter could measure SaO2 from various parts of the body, especially from other body regions such as the forehead, cheek, wrist etc. With the reflectance oximeter, the wavelength combination, 730/880 nm, was determined to obtain a linear relationship between the reflectance ratio and the broader SaO2 range from 100% to 30% in comparison to the 665/910 nm conventional wavelength (12) . The reflection pulse oximeter sensor can be applied to various locations of the body in the hospital and home health care to aid in the early diagnosis of cardiopulmonary as well as peripheral circulatory disorders. 
Carbon Dioxide Partial Pressure
Transcutaneous partial pressure of CO 2 can be measured by a portable system (13) similar to that diagrammed in Figure 4 . The CO 2 sensor is a glass pH electrode with a concentric Ag/AgCl reference electrode that is used as a heating element. The electrolyte, a bicarbonate buffer, is placed on the electrode surface. A CO 2 -permeable Teflon membrane separates the sensor from its environment.
The transcutaneous pCO 2 sensor operates according to the Stow-Severinghaus principle: that is, a pH electrode senses a change in the CO 2 concentration. This system is calibrated with a known CO 2 concentration solution.
Heating the skin beneath the sensor causes increase in measured 1) pCO 2 , because the solubility of CO 2 in tissue decreases with an increase in temperature;
2) local tissue metabolism, because cell metabolism is directly correlated with temperature;
3) the rate of CO 2 through the stratum corneum, which increases with temperature.
As a consequence of these three effects, which all work in the same direction to increase transcutaneous pCO 2 values, heating the skin yields pCO 2 values larger than the corresponding arterial pCO 2 .
Nevertheless the correlation between transcutaneous pCO 2 and arterial pCO 2 is usually satisfactory.
Because the slope of the CO 2 electrode calibration line is essentially that of the Nernst equation, a twopoint calibration is not needed (14) . Transcutaneous pCO 2 sensors have responses in the order of minutes which depend on the induced skin temperature with a time of 3.5 minutes for the maximum temperature one would reasonably achieve of 44°C (15).
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Blood Pressure Monitor
Currently the most portable, user friendly blood pressure measurement device is an applied monitor marketed by OMRON Inc (www.omron.com) and shown in Figure 5 . These units have a 14 memory storage feature which makes recording measurements easy, They are powered on 2 AAA batteries and can measure blood pressure and pulse. The wrist cuff automatically inflates and deflates and these devices have been proven clinically accurate.
Pulse Transit Time
Pulse transit time (PTT) refers to the time it takes a pulse wave to travel between two arterial sites. The speed at which this arterial pressure wave travels is inversely proportional to vascular compliance and since there is a direct relationship between vascular tone stiffening and acute rises in blood pressure, PTT decreases are proportional to blood pressure increases. Conversely, when blood pressure falls, vascular tone decreases and PTT increases.
Originally PTT was measured by recording the time interval between the passage of the arterial pulse wave at two consecutive sites. More recently, for ease of measurement, the electrocardiographic R or Q wave has been used as the starting point as it corresponds approximately to the opening of the aortic valve ( Figure 2) . The interval between the R wave and the arrival of the pulse wave at a peripheral site, such as the finger using photo-plethysmography, is the PTT (Figure 2) . Using ECG leads and finger photo-plethysmography reproducible PTT measurements can be made very simply.
There is currently a need to simplify tests used in the investigation of patients with suspected sleep disturbed breathing without necessarily compromising the accuracy of their findings. The capability of PTT to identify and semi-quantitatively measure respiratory effort has been established (16).
Biomonitoring
Respiratory monitoring
One of the first successful deployments of a wireless breathing monitor is the radio transmitter / receiver system for monitoring breathing and other sounds of infants in the home. These systems operate at 900
MHz and give reliable communications within ranges of 300 meters at affordable prices of ~$60 (e.g.
www.babyuniverse.com).
The major motivation for development of monitoring systems for breathing has been preventative medicine for sudden infant death syndrome (SIDS) which appears to be related to apnea. Respiration patterns are measured by direct wire techniques.
The combination of respiratory monitor and wireless technologies is embodied in a commercially available cardiorespiratory monitor working with field plethysmography, wireless signal transmission and an alarm system (SpiroGuard C). In order to determine the recognition rates for central, mixed and obstructive apneas, a prospective clinical trial was performed comparing frequency and kind of signals from the monitor with those simultaneously registered by polysomnographic studies. Approximately half of the alarms were false alarms. These could be reduced by setting the apnea detection time to > 15 seconds, by tighter fastening of the respiration belt (improving the signal transmission), and by turning off the instrument when the child is awake and physically active. The wireless system renders the SpiroGuard C an attractive alternative for home monitoring (17) .
A device for infant monitoring of multiple parameters has been developed for the Collaborative Home Infant Monitoring Evaluation (CHIME). A new physiologic monitor for use in the home has been developed and used for the Collaborative Home Infant Monitor Evaluation (CHIME). This monitor measures infant breathing by respiratory inductance plethysmography and transthoracic impedance; infant electrocardiogram, heart rate and R-R interval; hemoglobin O2 saturation of arterial blood at the periphery and sleep position. The monitor was considered to be superior to conventional monitors and, therefore, suitable for the successful conduct of the CHIME study (18 
Physical activity monitoring
Sleep research objectives have motivated development of accelerometer based systems for measuring an individuals movements. These systems developed approximately 15 years ago are based on piezoelectric accelerometers with reliable performance even with only one dimensional capability. The devices are known as "actigraphs" and can be commercially acquired from a number of companies (e.g.
Ambulatory Monitoring, Inc. New York iLifesystems, Oregon ). These devices are currently used for monitoring activity of patients and are being promoted as an accessory for the general population interested in having a metric of their exercise activity. The devices can be worn on the wrist or elsewhere such as the belt. A drawing to two types of these devices is shown in Figure 6 . Though the implementation of wireless communication of the wrist mounted device is only on the drawing board at present the wireless communication of the larger belt-worn system information to a local LAN is part of the current product. The watch read-out is wireless through LED communication.
Fall Detection
Devices which allow patients at risk for cardiac events which require immediate response have been 
Locator or tracking monitors
In the past 5 years a number of commercial devices have become available for the tracking of patients (e.g. Alzheimer's patients) children and pets. The oldest system is WorldTrack personnel a wireless system for locating individuals who have an on board global position system (GPS) receiver and a communication system to their own network. Other systems are about to be offered to the public by Siemens AG and Applied Digital Solutions (http://www.digitalangel.net). Commercial systems require communications through a burglar alarm and fire alarm on the home central office such as is used for or in the case of the proposed Digital Angel system. Tracking can be done by the concerned family member via the internet. Of course there is a monthly fee for maintaining this service but the equipment needed other than the access to the internet requires less than $700 investment for the on-board communication device. An alternative approach which could be deployed without reliance on commercial vendors is shown in Figure 7 .
A wrist watch with a reasonably long range beacon has been offered by Breitling (Figure 8 ). On flat terrain or calm seas the transmitter's signal on the 121.5 MHz aircraft emergency frequency has a range of about 160 kilometers (100 miles) assuming the search craft is flying at 6,000 m (about 20,000 feet).
Use of home or personal monitoring systems including fall alerts poses some safety problems. The implications of any failure of a technology on which patients or care-givers rely, must be addressed in order to provide a safe and reliable care service. This topic has been reviewed relative to procedures for risk assessment (21) .
Communications Wireless frequencies
The range of frequencies used for electromagnetic wireless communications are from 121 MHz used in the Breitling Wrist Watch emergency beacon transmitter (Figure 8 ) to 2.5 GHz commonly used in short rang local area networks (LAN). Practical local area networks are not limited by the FCC prescribed frequency bands but are subject to interference from noise (e.g.,cell phones) transmission coverage, multipath data blurring. Below some advantages of multiple frequency systems are discussed using both 2.5 GHz and 4XX MHz frequencies.
The three methods of wireless transmission to be considered in transmitting biomonitor and biosensor information are radio frequency electromagnetic signals, infrared optical signals and acoustic signals.
The main focus of most wireless transmission is RF, but optical data transmission can be efficient and interference proof in some applications. Acoustic transmission of data over phone lines from EKG data devices has shown some applications (28) but this mode will not be discussed further in this review.
One of the commercial devices appropriate for ambulatory monitoring of ECG and blood oxygenation through pulse oximetry is the Guardian Telemetry Transmitter Model 20601 which transmits in the 450-470 MHz range and costs about $2500. Improved models through minituration and alternative methods of acquiring heart rate and pulse wave form using a personal LAN can be expected for these higher transmitter power ambulatory devices. 
RF transponders
Most systems be deployed use a simplex reporting radio which requires minimum on-board battery drain. An advance over these systems is a duplex device which can be controlled remotely so that an individual's status can be interrogated by querying the on-board central processor unit for data in order to down-load, set sensitivity, deploy filters or engage alternate biosensors available on or implanted in the patient. An example of a duplex system operating at 2.45 GHz using a hospital LAN depends on a transponder uplink (base station to patient) with 2.45GHz selected as the interrogating frequency and 418 MHz as the downlink (patient to base) for sending biosignals. The downlink uses well-established SAWR circuitry (30) .
Antennas
Systems requirements for selection of the optimal frequencies for wireless biomonitoring necessitate evaluation of the tradeoffs between ambient noise frequencies, antenna size, efficiency and polarization, effective reliable communications distances, power available for interrupted or continuous monitoring man made noise, wide bandwidth, ease of directional antenna deployment and potentially higher antenna efficiencies compared to lower UHF and VHF bands.
The free space path loss is given by the Friis formula:
With 2.45 MHz and a distance of 10 meters one expects the free space path loss to be -33dB for a transmitted power of 27 dB (0.5W).
For a range of 1 mile (1.6 km) and cellular phone frequency of about 900 MHz ( 33.3 cm) the power into a matched receiver is -68db.
Communications Beyond the LAN
Once the data have reached a downlink node the signals can now be moved to multiple noise impervious and non-lossy hard wire links such as the internet, phone lines into care givers stations, rescue worker stations or concerned friends and family. Transmissions from biosensor to modems to telephone systems and thence to FAX hard copy is a mode useful for two dimensional signals such as 12-lead EKG or images. Somewhat more flexible yet less reliable receivers are cell phones, pocket wireless or palm computers. These modes are illustrated in Figure 9 An aspect of wireless telecommunication allowing caregivers visual, voice, and data communication with patients and health care systems is the development of a wearable personal computer (PC). One proposed system has a core technology based upon a wearable personal computer with a smart-card interface coupled with speech, pen, video input and wireless internet connectivity. The TransPAC system with the MedLink software system is designed to provide an integrated solution for a broad example, a web browser-like display, accessible through either a flatpanel, standard, or headset monitor, gives the beltpack TransPAC computer the functions of a complete desktop including PCMCIA card interfaces for internet connectivity and a secure smartcard with 16-bit microprocessor and upwards of 64K memory (32) .
Personal Image Transmission
Though not strictly biomonitoring in the theme of this review, we would be negligent not to present prospects for communicating a patient's status through colored images of face, wounds, rashes, or environmental situations requiring attention or advice from caregivers or rescuers. The general concept is shown in Figure 10 . The current activities in the area of transmission of medical images has involved experiments to determine the feasibility and weaknesses of transmitting EKG data or X-Ray CT image data through the internet or through a commercial wireless network to a hand-held or pocket sized display unit. High bandwidth cellular phones being introduced to access the internet (e.g. Nokia 7110
Mobile Application Protocol (WAP) phone) as well as currently available pocket computers have the capacity to receive two dimensional images ranging from radiological images to images of people, places or things (e.g. wounds, skin rashes) that can be acquired by miniature digital cameras. The current experience is with only a few commercially available devices: Pocket Computers and Personal Data Assistants described below. GPRS -General packet radio service GPS -Global Positioning System -The existing GPS radio wave bands are L1 at 1575.42 MHz and L2 at 1227.6
MHz.
GSM -Global Systems for Mobile Telecommunications. A digital wireless system which was initially developed for digital voice telephones, but it is also capable of digital data transmission at a modest speed of 9,600 baud.
GSM is expected to go far beyond 9.6Kb.
Iridium -Iridium world communications. Provides worldwide wireless communication coverage using a network of land-based and satellite-based communications. Iridium customers can be reached anywhere on the globe, but coverage is not reliable indoors in many areas.
JPEG -Joint Photographic Expert Group. This is a means of compressing the size of computer images so they require less time to transmit and less storage space.
LAN -Local area network designates communication system which could be on the subject between a sensor and a CPU located on the belt for example with subsequent transmission from the CPU to another LAN or regional communication system such as the cellular network.
PC -Personal computer.
PCMCIA -Personal computer memory card international association. A computer connection standard for card sized computer devices to attach to a portable computer by inserting it into a "PCMICIA" slot.
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